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Chapter  12 


Detection,  Metabolism,  and  Pathophysiology 
of  Brevetoxins 


Mark  A.  Poll,  Charles  B.  Templeton,  Judith  G.  Pace,  and  Harry  B.  Hines 

Pathophysiology  Division,  U.S.  Army  Medical  Research  Institute  of  Infectious 
Diseases,  Fort  Detrick,  Frederick,  MD  21701—5011 


Methods  of  detection,  metabolism,  and  pathophysiology  of  the 
brevetoxins,  PbTx-2  and  PbTx-3,  are  summarized.  Infrared  spectros¬ 
copy  and  innovative  chromatographic  techniques  were  examined  as 
methods  for  detection  and  structural  analysis.  Toxicolrinetic  and 
metabolic  studies  for  in  vivo  and  in  vitro  systems  demonstrated 
hepatic  metabolism  and  biliary  excretion.  An  in  vivo  model  of 
brevetoxin  intoxication  was  developed  in  conscious  tethered  rats. 
Intravenous  administration  of  toxin  resulted  in  a  precipitous  decrease 
in  body  temperature  and  respiratory  rate,  as  well  as  signs  suggesting 
central  nervous  system  involvement.  A  polyclonal  antiserum  against 
the  brevetoxin  polyether  backbone  was  prepared;  a  radioimmunoassay 
was  developed  with  a  sub-nanogram  detection  limit.  This  antiserum, 
when  administered  prophylactically,  protected  rats  against  the  toxic 
effects  of  brevetoxin. 


•j 

Red  tides  resulting  from  blooms  of  the  dinoflagellate  Ptychodiscus  brevis  in  the 
Gulf  of  Mexico  have  elicited  a  great  deal  of  scientific  interest  since  the  first  docu¬ 
mented  event  over  100  years  ago  (I).  Human  intoxications  from  the  ingestion  of 
contaminated  shellfish  and  the  impact  of  massive  fish  kills  on  the  tourist  industry 
along  the  Gulf  coast  of  the  United  States  have  resulted  in  a  concerted  research 
effort  to  understand  the  genesis  of  red  tides  and  to  isolate  and  characterize  the 
toxins  of  P.  brevis . 

Research  in  this  area  advanced  in  the  1970’s  as  several  groups  reported  the  iso¬ 
lation  of  potent  toxins  from  P.  brevis  cell  cultures  (2-7).  To  date,  the  structures 
of  at  least  eight  active  neurotoxins  have  been  elucidated  (PbTx-1  through  PbTx-8) 
(8).  Early  studies  of  toxic  fractions  indicated  diverse  pathophysiological  effects  in 
vivo  as  well  as  in  a  number  of  nerve  and  muscle  tissue  preparations  (reviewed  in 
9-11).  The  site  of  action  of  two  major  brevetoxins,  PbTx-2  and  PbTx-3,  has  been 
shown  to  be  the  voltage-sensitive  sodium  channel  (8,12).  These  compounds  bind  to 
a  specific  receptor  site  on  the  channel  complex  where  they  cause  persistent  activa¬ 
tion,  increased  Na+  flux,  and  subsequent  depolarization  of  excitable  cells  at  resting 
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membrane  potentials.  At  present,  the  brevetaxint  are  the  only  ligands  unequivo¬ 
cally  demonstrated  to  act  at  this  site  (neurotoxin  receptor  site  5),  although  mount¬ 
ing  evidence  (13)  suggests  the  toxins  involved  in  ciguatera  intoxication  also  may 
bind  there. 

We  are  investigating  low-molecular-weight  toxins  of  animal,  plant,  and  microbial 
origin.  Our  goals  are  to  develop  methods  to  detect  these  compounds  in  both 
environmental  and  biological  samples  and  to  develop  prophylaxis  and  treatment 
regimens.  This  chapter  summarizes  the  results  of  our  current  investigations  of  the 
brevetoxins.  Some  of  these  studies  will  be  published  elsewhere  in  greater  detail. 

Chemical  Detect  ton  and  Stability 

A  variety  of  chromatographic  and  spectrographic  techniques  have  been  applied  to 
the  study  of  the  brevetoxins.  High  performance  liquid  chromatography  (HPLC)  and 
thin-layer  chromatography  (TLC)  were  instrumental  in  the  initial  isolation  and 
purification  processes.  Mass  spectrometry  (MS),  infrared  spectroscopy  (IR),  circular 
dichroism  (CD),  nuclear  magnetic  resonance  spectroscopy  (NMR),  and  X-ray  crystal¬ 
lography  all  played  important  roles  in  structure  determinations.  As  research  efforts 
expand  to  include  metabolic  studies,  these  techniques  become  increasingly  important 
for  detection  and  quantification  of  exposure  as  well  as  structural  elucidation  of 
metabolites. 

Chromatography.  A  number  of  HPLC  and  TLC  methods  have  been  developed  for 
separation  and  isolation  of  the  brevetoxins.  HPLC  methods  use  both  C18 
reversed-phase  and  normal-phase  silica  gel  columns  (4  14,  15).  Gradient  or  iso- 
cratic  elutions  are  employed  and  detection  usually  relies  upon  ultraviolet  (UV) 
absorption  in  the  208-2 15-nm  range.  Both  brevetoxin  backbone  structures  possess 
a  UV  absorption  maximum  at  208  nm,  corresponding  to  the  enal  moeity  (16,17). 
In  addition,  the  PbTx-1  backbone  has  an  absorption  shoulder  at  215  nm 
corresponding  to  the  -j-lactone  structure.  While  UV  detection  is  generally  sufficient 
for  isolation  and  purification,  it  is  not  sensitive  (>1  ppm)  enough  to  detect  trace 
levels  of  toxins  or  metabolites.  Excellent  separations  are  achieved  by  silica  gel  TLC 
(14,  15,  18-20).  Sensitivity  (>1  ppm)  remains  a  problem,  but  flexibility  and  ease  of 
use  continue  to  make  TLC  a  popular  technique. 

Mass  Spectrometry.  Mass  spectrometry  holds  great  promise  for  low-level  toxin 
detection.  Previous  studies  employed  electron  impact  (El),  desorption  chemical  ion¬ 
ization  (DO),  fast  atom  bombardment  (FAB),  and  cesium  ion  liquid  secondary  ion 
mass  spectrometry  (LSIMS)  to  generate  positive  or  negative  ion  mass  spectra  (15- 
17,  21-23).  Firm  detection  limits  have  yet  to  be  reported  for  the  brevetoxins. 
Preliminary  results  from  our  laboratory  demonstrated  that  levels  as  low  as  500  ng 
PbTx-2  or  PbTx-3  were  detected  by  using  ammonia  DO  and  scans  of  500-1000 
amu  (unpublished  data).  We  expea  significant  improvement  by  manipulation  of 
the  DCI  conditions  and  seleaed  monitoring  of  the  molecular  ion  or  the  ammonia 
adduaion. 

The  success  of  the  soft  ionization  techniques  (DO,  FAB,  and  LSIMS)  presents 
several  possibilities  for  detection  of  brevetoxins  in  complex  matrices.  Positive-ion 
DO  was  used  for  the  analysis  of  PbTk-3  metabolites  generated  in  vitro  by  isolated 
rat  hepatocytes  (see  below).  Unmetabolized  parent  was  conclusively  identified  and 
metabolites  were  tentatively  identified,  pending  confirmation  by  alternate  methods 
(see  below). 

Chemical  Stability  aad  Decontamination.  The  stability  of  the  brevetoxins  is  of  great 
interest  from  the  standpoints  of  deteaion,  metabolism,  and  safety.  PbTx-2  and 
PbTx-3  have  been  investigated  in  our  laboratories  in  order  to  design  rational  safety 
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protocols  for  toxin  handling  and  disposal  of  contaminated  waste  (24;  R.W.  Wan- 
namacher,  unpublished  data).  These  compounds  were  stable  for  months  when 
stored  in  the  refrigerator  either  dry  or  in  organic  solvents  such  as  ethanol, 
methanol,  acetone,  or  chloroform.  However,  toxins  with  the  PbTx-1  backbone  have 
been  reported  to  be  unstable  in  alcohol  (15).  PbTx-2  and  PbTk-3  were  unstable  at 
pH  values  less  than  2  and  greater  than  10,  in  the  presence  of  50  ppm  chlorine, 
and  at  temperatures  greater  than  300 'G  For  decontamination  of  laboratory 
glassware  and  surfaces,  greater  than  99%  of  the  detectable  brevetoxin  was  destroyed 
by  a  10-min  exposure  to  0.1  N  NaOH.  Disposable  waste  can  be  incinerated  if  the 
combustion  chamber  temperature  reaches  at  least  300 'C  Autoclaving  was  shown 
to  be  ineffective  for  decontamination  (24). 

Distribution  and  Metabolic  Fate — In  Vivo  and  In  Vitro  Studies 

Of  particular  interest  in  brevetoxin  research  are  the  diagnosis  of  intoxication  and 
identification  of  brevetoxins  and  their  metabolites  in  biological  fluids.  We  are 
investigating  the  distribution  and  fate  of  radiolabeled  PbTx-3  in  rats.  Three  model 
systems  were  used  to  study  the  toxicokinetics  and  metabolism  of  PbTk-3:  1)  rats 
injected  intravenously  with  a  bolus  dose  of  toxin,  2)  isolated  rat  livers  perfused  with 
toxin,  and  3)  isolated  rat  hepatocytes  exposed  to  the  toxin  in  vitro. 

In  the  first  study,  male  Sprague-Dawley  rats  (300-350  g)  were  given  an 
intravenous  bolus  of  [*H]PbTk-3  (9.4  Ci/mmol,  6  jig/kg  body  weight)  via  the  penile 
vein  (25).  The  plasma  concentration  curve  (Figure  1)  was  bi-exponential  with  a 
rapid  distribution  phase  (half-life  approx.  30  sec)  and  a  slower  elimination  phase 
(half-life  =  112  min).  Toxin  clearance  (dose  administered/area  under  the  plasma 
concentration  curve)  in  the  whole  animal  was  0.23  ml/inin/g  liver.  In  a  325-g  rat, 
hepatic  blood  flow  (Q)  is  13.2  ml/m  in  (2d),  and,  assuming  hepatic  clearance  was 
equal  to  mean  total  clearance  (Cl),  the  calculated  in  vivo  extraction  ratio  (Ct/Q) 
was  0.55.  Within  1  min,  94%  of  the  administered  toxin  had  distributed  to  the  tis¬ 
sues.  After  30  min,  the  liver  contained  16%,  skeletal  muscle  70%,  and  the  gas¬ 
trointestinal  tract  8%  of  the  administered  radioactivity.  The  heart,  kidneys,  testes, 
brain,  lungs,  and  spleen  each  contained  less  than  1.5%.  By  24  hr,  radioactivity  in 
skeletal  muscle  decreased  to  20%  of  the  total  administered  dose.  Over  the  same 
period,  radioactivity  remained  constant  in  the  liver  and  increased  in  the  stomach, 
intestines,  and  feces,  suggesting  biliary  excretion  was  an  important  route  of  toxin 
elimination.  By  day  6,  89%  of  the  total  radioactivity  had  been  excreted  in  the 
urine  and  feces  in  a  ratio  of  1:5.  TLC  analysis  of  urine  (Figure  2)  and  feces  indi¬ 
cated  that  the  parent  toxin  had  been  metabolized  to  several  more  polar  compounds. 

To  further  investigate  the  role  of  the  liver  in  brevetoxin  metabolism,  PbTx-3 
was  studied  in  the  isolated  perfused  rat  liver  model  (27,  28).  Radiolabeled  Pblk-3 
was  added  to  the  reservoir  of  a  recirculating  system  and  allowed  to  mix  thoroughly 
with  the  perfusate.  Steady-state  conditions  were  reached  within  20  min.  At 
steady-state,  55-65%  of  the  delivered  PbTc-3  was  metabolized  and/or  extracted  by 
the  liver;  26%  remained  in  the  effluent  perfusate.  Under  a  constant  liver  perfusion 
rate  of  4  ml/min,  the  measured  clearance  rate  was  0.11  ml/min/g  liver.  The  calcu¬ 
lated  extraction  ratio  of  0.55  was  in  excellent  agreement  with  the  in  vivo  data. 
Radioactivity  in  the  bile  accounted  for  7%  of  the  total  radiolabel  perfused  through 
the  liver.  PbTx-3  was  metabolized  and  eliminated  into  bile  as  parent  toxin  plus 
four  more-polar  metabolites  (Figure  3).  Preliminary  results  of  samples  stained  with 
4-(p-nitrobenzyl)-pyridine  (29)  indicated  the  most  polar  metabolite  was  an  epoxide. 

In  vitro  metabolism  of  [^Pblk-S  was  studied  in  isolated  rat  hepatocytes  (25). 
Hepatocyte  monolayers  cultured  in  6-well  plates  containing  1  ml  modified  Williams 
E  medium  were  incubated  with  0.1  ug  radiolabeled  toxin  at  37  *C  for  24  hr.  The 
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Figure  1.  Semilogarithmic  plot  of  brevetoxin  (pCi)  in  plasma  over 
time  after  an  intravenous  injection  of  tritium-labeled  PbTx-3.  T  1/2 
alpha  =  30  sec;  T  1/2  beta  =  112  min. 
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Figure  2.  Thin-layer  radiochroir.atogram  of  urine  (100  pi)  from  rats 
injected  with  labeled  PbTx-3.  TLC  plates  were  developed  in  two 
sequential  solvent  systems;  chloroform -.ethyl  acetate:ethanol  (50:25:25; 
80:10:10).  Radioactive  zones  were  scraped  and  counted  in  a  liquid 
scintillation  counter.  Native  PbTk-3  runs  at  13  cm. 
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cell  culture  medium  was  sampled  periodically  during  the  incubation  and  analyzed 
for  labeled  metabolites  via  HPLC.  The  hepatocytes  metabolized  PbTx-3  to  at  least 
three  metabolites  that  exhibited  greater  polarity  than  the  parent  toxin  and 
corresponded  closely  in  relative  polarity  to  the  major  metabolites  obtained  in  vivo 
and  from  the  isolated  perfused  liver.  In  addition,  a  fourth  peak  appeared  after 
approximately  20  min  (Figure  4).  From  preliminary  results,  it  is  not  clear  whether 
this  fourth  peak  was  related  to  cellular  metabolism.  The  differences  in  metabolite 
profiles  between  this  system  and  the  bile  produced  by  the  isolated  perfused  liver  are 
under  investigation.  Two  of  the  three  metabolites  generated  in  vitro  cross-reacted 
strongly  with  our  anti-PbTx  antiserum  (see  below),  suggesting  conservation  of  at 
least  a  portion  of  the  native  backbone  structure  (data  not  shown). 

By  applying  an  extension  of  the  clearance  concept  (30,  31),  in  vitro  metabolism 
was  used  to  predict  in  vivo  toxin  elimination.  Hepatocytes  were  incubated  with  0.5 
to  10  fig  unlabeled  PbTx-3  containing  0.1  pg  radiolabeled  toxin  as  tracer.  Disap¬ 
pearance  of  parent  compound  and  the  appearance  of  metabolites  were  measured  by 
HPLC  equipped  with  a  Radiomatic  isotope  detector.  (1.6  nmol/min/g  liver) 

and  K  (8.56  pM)  were  determined  by  non-linear  regression.  Intrinsic  clearance 
(Vmax^Tn)  was  ml/min/g  liver  and  the  calculated  hepatocyte  extraction  ratio, 
0.46Tagam  was  in  good  agreement  with  the  in  vivo  data. 

These  studies  represent  the  first  report  of  the  metabolism  of  brevet oxi ns  by 
mammalian  systems.  PbTk-3  was  rapidly  cleared  from  the  bloodstream  and  distri¬ 
buted  to  the  liver,  muscle,  and  gastrointestinal  tract.  Studies  with  isolated  perfused 
livers  and  isolated  hepatocytes  confirmed  the  liver  as  a  site  of  metabolism  and  bili¬ 
ary  excretion  as  an  important  route  of  toxin  elimination.  [3H]PbTx-3  was  metabol¬ 
ized  to  several  compounds  exhibiting  increased  polarity,  one  of  which  appeared  to 
be  an  epoxide  derivative.  Whether  this  compound  corresponds  to  PbTx-6  (the 
27,28  epoxide  of  PbTx-2),  to  the  corresponding  epoxide  of  PbTx-3,  or  to  another 
structure  is  unknown.  The  structures  of  these  metabolites  are  currently  under 
investigation. 

Data  from  both  in  vivo  and  in  vitro  systems  showed  PbTx-3  to  have  an  inter¬ 
mediate  extraction  ratio,  indicating  in  vivo  clearance  of  Pblk-3  was  equally  depen¬ 
dent  upon  liver  blood  flow  and  the  activity  of  toxin -metabolizing  enzymes.  Studies 
on  the  effects  of  varying  flow  rates  and  metabolism  on  the  total  body  clearance  of 
PbTx-3  are  planned.  Finally,  comparison  of  in  vivo  metabolism  data  to  those 
derived  from  in  vitro  metabolism  in  isolated  perfused  livers  and  isolated  hepatocytes 
suggested  that  in  vitro  systems  accurately  reflect  in  vivo  metabolic  processes  and  can 
be  used  to  predict  the  toxicoldnetic  parameters  of  PbTx-3. 

Pathophysiological  Effects  of  PbTx-2  in  Conscious  Rats 

The  pathophysiological  effects  of  PbTk-2  were  examined  in  the  conscious,  tethered 
rat  (32).  This  is  the  model  of  choice  because  neurological  and  behavioral  responses 
can  be  characterized  without  interference  from  anesthetic  effects.  Male  rats 
(Sprague-Dawley,  350-500  g)  were  anesthetized  with  55  mg/kg  pentobarbital  and 
placed  on  a  heated  surgical  board.  A  catheter,  placed  into  the  carotid  artery  and 
advanced  until  the  distal  tip  resided  in  the  aorta,  was  used  to  measure  arterial 
blood  pressure  and  to  sample  blood  for  blood  gas  measurements.  Another  catheter, 
placed  into  the  jugular  vein  and  advanced  until  the  distal  tip  was  near  the  cranial 
vena  cava,  was  used  for  experimental  infusions.  Thermistor  probes  were  implanted 
into  the  abdominal  cavity  and  subcutaneously  over  the  sternum.  Electrocardiograph 
(ECG)  leads  were  placed  subcutaneously  over  the  ventral  and  dorsal  thorax  to 
obtain  a  V10  tracing.  All  lead  wires  and  catheters  were  tunneled  subcutaneously  to 
the  dorsal  cervical  area  and  passed  through  a  20-cm  steel  spring  tether.  Catheters 


Net  Counts 


182 


MARINE  TOXINS;  ORIGIN,  STRUCTURE,  AND  MOLECULAR  PHARMACOLOGY 


Time  (Min) 

Figure  4.  C18  reverse-phase  HPLC  radiochromatogram  of  PbTSc-3  and 
metabolites  in  hepatocyte  media  (50  /il)  over  24  hr.  Nonlinear  gra¬ 
dient  of  methanolrwater;  flow  rate  =  1  ml/min. 
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were  then  flushed  with  heparinized  saline  and  plugged  with  stainless  steel  pins. 
The  animals  were  placed  in  cages  and  the  tether  passed  through  the  wire  mesh 
cage  top  to  allow  sampling.  After  recovery  from  anesthesia,  the  rats  were  able  to 
move  freely  about  the  cage  while  being  monitored;  sampling  was  conducted  without 
perturbing  the  animals. 

The  initial  phase  of  the  study  focused  on  determining  a  route  of  toxin  adminis¬ 
tration  that  would  result  in  sublethal  toxic  effects.  Intravenous,  intraarterial,  intra- 
peritoneal,  and  subcutaneous  bolus  injections  were  examined.  With  the  exception 
of  the  subcutaneous  route,  bolus  injections  of  greater  than  200  /ig/kg  resulted  in 
total  body  paralysis,  shock,  and  death  within  2-3  min.  Onset  was  so  rapid  that  the 
animals  often  entered  paralysis  during  the  several  seconds  required  to  complete  the 
bolus  injection.  Doses  of  100  /ig/kg  or  greater  resulted  in  rapid-onset  cardiac  and 
respiratory  paralysis  and  death  within  5— 10  min.  With  lower,  non-lethal,  intravascu¬ 
lar  or  intraperitoneal  doses  (<25  /ig/kg),  rats  showed  immediate  cardiac  and  respira¬ 
tory  effects,  but  compensation  occurred  within  5-10  min.  There  were  no  apparent 
skeletal  muscle  contractions  in  these  lower-dose  animals.  Both  subcutaneous  and 
intraperitoneal  administration  caused  sustained  effects,  but  responses  varied  among 
animals.  However,  when  rats  were  slowly  infused  intravenously  at  doses  of  <100 
/ig/kg  over  1  hr,  animal-to-animal  variation  decreased  markedly  and  responses  were 
sustained  for  a  longer  time.  Therefore,  to  allow  sufficient  monitoring  time  and  to 
minimize  variations  among  animals,  a  1-hr  intravenous  infusion  was  chosen  for  all 
subsequent  studies. 

To  characterize  the  responses  to  PbTx-2,  five  dose  rates  (0,  12.5,  25,  50,  and 
100  /ig/kg/hr  in  2  ml  saline)  were  infused  into  the  jugular  catheters  of  rats  (four 
per  group).  Heart  rates,  systolic  and  diastolic  arterial  blood  pressures,  pulse  pres¬ 
sures,  respiratory  rates,  core  and  peripheral  body  temperatures,  lead  V10  ECGs,  and 
arterial  blood  gases  were  monitored.  Clinical  signs  and  behaviors  were  recorded  by 
video  camera.  After  infusion,  animals  were  monitored  for  6  hr,  by  which  time 
most  had  either  died  or  recovered  to  near  baseline  physiological  levels. 

All  rats  infused  with  100  Mg/kg  PbTx-2  died  within  2  hr.  Only  one  rat  infused 

with  50  /ig/kg  died  during  the  6-hr  study.  All  other  animals  survived.  The  calcu¬ 

lated  6-hr  LDcq  for  this  study  of  20  animals  given  a  1-hr  intravenous  infusion  of 
PbTx-2  was  60  /ig/kg.  Since  all  of  the  rats  given  50  /ig/kg  by  bolus  injection  died 
very  early,  it  is  evident  that  the  LDjo  **  lower  if  the  toxin  is  given  intravascularly 
by  bolus  injection. 

The  most  dramatic  change  occurred  in  the  respiratory  rates.  Upon  the  begin¬ 
ning  of  infusion,  there  was  an  immediate,  precipitous,  dose-dependent  decrease  in 
respiratory  rates  (Figure  5).  The  respiratory  rates  of  the  three  highest  dose  groups 
fell  to  20%  of  baseline.  Except  for  the  terminal  values  of  the  high-dose  group,  the 
blood  gas  analyses  indicated  a  compensatory  response  that  yielded  insignificant 

changes  in  pOj,  pCOy  HCOy  base  excess,  pH,  and  total  C02  during  the  entire  6- 

hr  study.  The  100  /ig/kg  group  displayed  typical  terminal  hypoventilation:  hyper- 
carbia,  acidosis,  and  low  oxygen  tension  (data  not  shown).  Clinically,  the  animals 
ventilated  very  deeply,  indicating  much  larger  tidal  volumes.  All  survivors  had 
respiratory  rates  within  the  normal  range  within  6  hr,  except  the  50  /ig/kg  group, 
which  recovered  to  only  about  60%  of  baseline. 

Each  treatment  group  showed  a  dose-dependent  decrease  in  core  (Figure  6)  and 
peripheral  (not  shown)  body  temperatures.  The  three  highest  dose  groups 
decreased  1.5-2.0  degrees  centigrade.  The  decrease  in  the  lowest  dose  group  aver¬ 
aged  0.5  degrees.  In  all  groups,  the  decrease  occurred  during  the  infusion  period. 
In  the  SO  /ig/kg  group,  survivors  showed  no  significant  recovery  during  the  6-hr 
stutfy.  This  simultaneous  drop  in  core  and  peripheral  body  temperature  may  reflect 
decreased  oxygen  consumption  and  reduced  heat  production. 
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____  Time  After  Start  of  Infusion  (min) 

Figure  5.  Dose-response  curve  of  respiratory  rate  for  rats  given  1-hr 

nfusion  of  PbTx-Z  [ _  =  100  /ig/kg;  ---  =  50  /ig/kg;  . . .  =  25 

*g/kg; - =  12.5  /ig/kg;  — .—  =  0  /ig/kg.] 


Time  After  Start  of  Infusion  (min) 


Figure  6.  Dose-response  curve  of  core  temperature  for  rats  given  1-hr 

infusion  of  PbTx-Z  [ _  =  100  /ig/kg;  ---  =  50  /ig/kg;  ...  =  25 

/ig/kg; - =  1Z5  /ig/kg;  — =  0  /ig/kg.] 
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The  lead  V10  ECG  indicated  conduction  defects  in  the  Purkinje  system  of  the 
heart.  Numerous  arrhythmias  were  recorded,  including  premature  ventricular  depo¬ 
larizations,  paroxysmal  ventricular  tachycardia,  and  complete  heart  block  (Figure  7). 
Heart  rates  were  not  significantly  altered,  however,  except  in  the  100  pg/kg  group 
(data  not  shown).  Systolic  and  diastolic  arterial  blood  pressures  did  not  change  sig¬ 
nificantly  in  the  higher-dose  groups,  but  pulse  pressures  increased,  suggesting  com¬ 
pensation  by  increased  cardiac  outputs  due  to  increased  stroke  volumes.  Failure  to 
maintain  baseline  heart  rate  and  arterial  pressure  was  seen  in  the  100  pg/lcg  group 
just  before  death,  when  the  animals  showed  signs  of  complete  cardiorespiratory  col¬ 
lapse. 

Rats  administered  PbTx-2  exhibited  numerous  and  varied  clinical  signs.  Con¬ 
sistent  in  all  animals  were  gasping-like  respiratoiy  movements,  head-bobbing,  depres¬ 
sion,  and  ataxia,  all  of  which  could  be  originating  in  the  brain  stem.  Time  of 
onset  varied,  but  depression  and  gasping  movements  were  generally  the  first  clinical 
manifestations  of  intoxication.  Head-bobbing  and  ataxia  usually  began  2-3  hr  after 
infusion.  These  signs,  coupled  with  the  decrease  in  core  temperature,  suggested 
central  nervous  system  involvement,  and,  more  specifically,  the  brain  stem  and  cere¬ 
bellum.  This  conclusion  was  sustained  in  later  studies  when  several  animals 
developed  head-tilt,  a  condition  indicative  of  central  nervous  system  involvement. 
In  some  animals,  an  apparently  uncontrolled  muscular  contraction  occurred,  usually 
in  the  hindquarters,  which  caused  the  animals  to  lunge  violently  across  the  cage  in 
one  coordinated  motion.  Both  hindquarters  contracted  simultaneously,  indicating 
the  initiating  impulse  originated  at  the  level  of  the  spinal  cord  or  higher.  This 
movement  and  head-bobbing  are  indicative  of  cerebellar  involvement.  All  control 
animals  sustained  normal  physiological  parameters,  ECG’s,  and  behavior. 

In  summary,  intravenous  infusion  of  Pb1>-2  caused  toxic  signs  indicative  of 
central  nervous  system  involvement,  including  a  precipitous  fall  in  core  and  peri¬ 
pheral  body  temperatures  and  clinical  signs  of  dysfunction  that  could  be  originating 
in  the  motor  cortex,  the  cerebellum,  or  the  spinal  cord.  The  profound  decreases  in 
respiratory  and  heart  rates  could  be  peripherally  mediated;  these  changes  were  detri¬ 
mental  only  in  the  highest  dose  group  animals.  Compensation  for  the  rate  changes 
in  the  surviving  animals  occurred  to  an  extent  that  blood  gases  and  blood  pressures 
were  essentially  normal. 

Radioimmunoassay  and  Immunoprophylaxis 

The  ability  to  treat  brevetoxin  intoxication  is  dependent  upon  diagnosis  and  quanti¬ 
fying  exposure.  Currently,  neither  an  effective,  specific  treatment  nor  a  reliable 
assay  for  exposure  to  the  brevetoxins  exists.  We  prepared  a  specific  antiserum 
against  the  brevetoxins  and  evaluated  its  use  in  an  assay  for  exposure  to  the 
brevetoxins  and  in  the  treatment  and  prophylaxis  of  intoxication. 

A  toxin-bovine  serum  albumin  (BSA)  conjugate  was  prepared  by  succinylation 
of  the  alcohol  function  of  PbTx-3,  followed  by  standard  carbodiimide  coupling  of 
the  PbTx-3  hemisuccinate  to  the  lysine  residues  of  BSA  (33).  Fresh  conjugate  was 
prepared  every  two  weeks  to  avoid  decomposition;  the  molar  ratios  of  toxin:BSA 
conjugate  ranged  from  7-14.  Aliquots  of  conjugated  toxin  containing  0.25-0.50  mg 
equivalents  of  toxin  in  Freund’s  adjuvant  were  administered  intramuscularly  to  an 
adult  female  goat.  Blood  samples  were  taken  at  weekly  intervals,  beginning  at  week 
8,  and  analyzed  for  anti-Pblk-3  binding  activity  by  standard  radioimmunoassay. 

Anti-PbTc  antibodies  appeared  rapidly  in  the  goat  serum  after  the  initial 
immunization.  By  the  first  bleed  at  week  8,  binding  capacity  was  approximately  0.5 
nmol  PbTx-3/ml  serum,  where  it  remained  constant  for  several  weeks.  After  cessa¬ 
tion  of  boosts  at  week  10,  the  serum  titers  remained  elevated  for  6  weeks  before 
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Normal  Sinus  Rhythm 
PbTx  Antibody-Trsated 
(Lead  V10,  1  cm/mv,  25  mm/sec) 


Figure  7.  Electrocardiograms  of  rats  at  30  to  90  min  after  beginning  a 
i-hr  infusion  of  PbTx-2  (25  jig/kg).  Bottom  tracing  is  a  representative 
ECG  of  a  normal  rat. 
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falling  to  very  low  levels  by  week  21.  Resuming  boosts  at  this  time  caused  an 
immediate  rebound  in  binding  capacity  to  approximately  1.0  nmol/ml.  Ammonium 
sulfate  precipitation  of  the  serum  at  week  22  resulted  in  >85%  of  the  anti-PbTx-3 
binding  capacity  precipitating  with  the  serum  IgG  fraction.  Rosenthal  analyses  of 
saturation  curves  before  and  after  precipitation  indicated  a  single  class  of  high- 
affinity  antibodies  with  an  apparent  affinity  constant  (Kg)  of  1  nM  (0.5— 2.1,  n=ll) 
(data  not  shown). 

Standard  curves  performed  under  our  defined  radioimmunoassay  conditions 
([3H]PbTx-3  =  1  nM,  antiserum  dilution  =  1:2000,  assay  volume  =  1  ml)  demon¬ 
strated  the  ability  of  this  antiserum  to  bind  equally  to  PbTx-2  and  PbTx-3,  suggest¬ 
ing  specificity  for  the  cyclic  polyether  backbone  region  of  the  molecule  (Figure  8). 
The  linear  portion  of  the  curve  indicated  a  lower  detection  limit  of  0.2-0.5  ng  in 
saline  buffer  under  these  conditions.  Evaluation  of  this  assay  for  use  with  biologi¬ 
cal  fluids  and  tissue  extracts  is  underway. 

After  initial  experiments  demonstrating  that  the  antiserum  was  capable  of  com¬ 
pletely  inhibiting  the  binding  of  [3H]PbTx-3  to  its  receptor  site  in  rat  brain  mem¬ 
branes  (Figure  9),  we  began  studies  designed  to  evaluate  potential  of  the  antiserum 
for  prophylaxis  and  treatment  of  brevetoxin  intoxication  {34).  The  tethered  rat 
model  was  used,  and  surgical  implantations  were  identical  to  those  described  above. 
Heart  rate,  core  and  peripheral  body  temperatures,  lead  V10  ECG,  and  arterial 
blood  pressure  were  monitored  continuously.  Respiratory  rate  was  recorded  each  5 
min  for  the  first  3  hr,  then  each  15  min  until  6  hr. 

Conscious  rats  were  pretreated  with  a  10-min  infusion  of  anti-PbTx  antiserum 
(25  mg/kg  total  protein,  calculated  PbTx  binding  capacity  0.29  nmol)  or  saxitoxin 
(control)  antibody  matched  for  total  protein  content.  Twenty  minutes  after  com¬ 
pletion  of  the  antisera  infusion,  brevetoxin  (25  ng/kg,  28  nmol)  was  infused  over  1 
hr.  Rats  pretreated  with  control  antiserum  showed  signs  consistent  with  our  patho¬ 
physiological  characterization  of  brevetoxin  intoxication  at  this  dose:  decreased 
respiratory  rate,  reduction  in  core  and  peripheral  body  temperatures,  and  cardiac 
arrhythmias.  Arterial  blood  pressures  and  heart  rates  were  variable.  Rats  treated 
with  anti-PbTx  antiserum  showed  no  decrease  in  temperatures  (Figure  10),  no  signi¬ 
ficant  decreases  in  respiratory  (Figure  11)  or  heart  rates,  and  normal  ECG’s  (Figure 
7).  Our  antiserum  was  thus  capable  of  blocking  the  in  vivo  effects  of  intravenously 
administered  PbTx-2  under  these  conditions.  Experiments  with  varying 
antibody:toxin  molar  ratios  and  pretreatment  times  are  planned. 

Seminary 

In  summary,  a  high-affinity  antiserum  was  successfully  raised  in  a  goat  by  immuniza¬ 
tion  with  a  PbTx-3/BSA  conjugate.  This  antiserum  did  not  differentiate  between 
PbTk-2  and  PbTk-3,  suggesting  specificity  for  the  polyether  backbone  structure  of 
the  molecule.  A  radioimmunoassay  using  this  serum  has  been  developed.  Standard 
curves  indicate  a  detection  limit  of  0.2-0.5  ng  toxin  in  phosphate-buffered  saline. 
Development  of  the  assay  for  use  in  biological  fluids  or  tissue  extracts  is  underway. 
At  least  two  of  the  three  PbTir-3  metabolites  produced  in  vitro  by  isolated  rat 
hepatocytes  (see  above)  cross-reacted  strongly  with  this  antiserum.  This  suggests  use 
of  this  antiserum  as  a  screen  for  exposure  to  PbTx- 3  and  other  brevetoxins  sharing 
the  same  backbone  structure.  This  antiserum  completely  inhibited  in  vitro  binding 
of  [3H]PbTk-3  to  its  receptor  site  in  rat  brain  tissue,  and  blocked  the  in  vivo 
pathophysiological  effects  of  intravenous  infusions  of  PbTx-2  when  administered 
prophylactically.  Studies  to  evaluate  its  therapeutic  potential  in  the  management  of 
brevetoxin  intoxication  are  underway. 
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Figure  8.  Standard  curves  for  PbTx-2  (D)  and  PbTx-3  (■)  in  the 
brevetoxin  radioimmunoassay.  Lower  detection  limits  are  0.2  -  0.5  ng 
in  phosphate-buffered  saline  (PBS).  Standard  R1A  conditions: 
[3H]PbTx-3  =  1  nM;  antiserum  dilution  =  1:2000;  sample  vol.  =  1 
ml;  buffer  =  0.1  M  PBS,  pH  =  7.4. 


Figure  9.  Anti-PbTx  antiserum  inhibition  of  [3H]PbTx-3  binding  to  its 
receptor  site  in  rat  brain  membrane  preparations.  Labeled  toxin  (0.5 
nM  in  1  ml  PBS)  was  incubated  with  rat  brain  membranes  (125  pg 
total  protein)  and  increasing  amounts  of  anti-PbTx  antiserum  (-■-)  or 
pre-immune  serum  (-D-)  for  1  hr  at  4’G  Membrane-bound  radioac¬ 
tivity  was  then  measured  in  a  centrifugation  assay  as  previously 
described  (8). 
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Time  After  Start  of  Toxin  Infusion  (min) 


Figure  10.  Response  curves  of  core  temperature  for  rats  given  1-hr 
infusion  of  PbTx-2  (100  Mg/kg)  followed  by  a  10-min  infusion  of  2  ml 

of  saline  ( - ),  6:1  molar  ratio  of  control  antibody.-toxin  (---),  or 

6:1  molar  ratio  of  anti-PbTx  antibody:toxin  (. . .). 


Time  After  Start  of  Toxin  Infusion  (min) 


Figure  11.  Response  curves  of  respiratory  rate  for  rats  given  1-hr 
infusion  of  PbTx-2  (100  pg/kg)  followed  by  a  10-min  infusion  of  2  ml 

of  saline  ( - ),  6:1  molar  ratio  of  control  antibody:toxin  (---),  or 

6:1  molar  ratio  of  anti-PbUc  antibodyrtoxin  (...). 
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